Tiamulin is a pleuromutilin antibiotic that is used in veterinary medicine. The recently published crystal structure of a tiamulin-50S ribosomal subunit complex provides detailed information about how this drug targets the peptidyl transferase center of the ribosome. To promote rational design of pleuromutilin-based drugs, the binding of the antibiotic pleuromutilin and three semisynthetic derivatives with different side chain extensions has been investigated using chemical footprinting. The nucleotides A2058, A2059, G2505, and U2506 are affected in all of the footprints, suggesting that the drugs are similarly anchored in the binding pocket by the common tricyclic mutilin core. However, varying effects are observed at U2584 and U2585, indicating that the side chain extensions adopt distinct conformations within the cavity and thereby affect the rRNA conformation differently. An Escherichia coli L3 mutant strain is resistant to tiamulin and pleuromutilin, but not valnemulin, implying that valnemulin is better able to withstand an altered rRNA binding surface around the mutilin core. This is likely due to additional interactions made between the valnemulin side chain extension and the rRNA binding site. The data suggest that pleuromutilin drugs with enhanced antimicrobial activity may be obtained by maximizing the number of interactions between the side chain moiety and the peptidyl transferase cavity.
Tiamulin and valnemulin are used in veterinary medicine to treat enteric diseases in pigs and enzootic pneumonia in pigs and poultry. Valnemulin has also been used in human medicine to treat isolated cases of immunocompromised patients with resistant Mycoplasma infections (6) . Timaulin-resistant isolates of Brachyspira hyodysenteriae and Brachyspira pilosicoli, the causative agents of swine dysentery and porcine intestinal spirochetosis, respectively, have been reported recently in various parts of Europe (4, 9, 10) . However, there is only limited knowledge on mechanisms of resistance to the pleuromutilin antibiotics. The development of tiamulin resistance occurs in a slow, stepwise fashion in vitro (1, 3, 8) . An investigation of tiamulin resistance in Escherichia coli showed that mutation of ribosomal protein L3 at position 149 proximal to the peptidyl transferase center leads to a tiamulin resistance phenotype in a single mutant (2) . More recently, mutations in ribosomal protein L3 and 23S rRNA have been associated with reduced susceptibility to tiamulin in Brachyspira isolates (13) . Mutations were found at two amino acid positions of L3 and six nucleotides of 23S rRNA in two groups of laboratory-selected mutants. Each mutant contained a unique combination of mutations, implying that a single mutation was not sufficient to cause the highest levels of resistance. A set of British veterinary B. hyodysenteriae field isolates contained a single mutation in ribosomal protein L3 at position 148. These results emphasize the need for the development of improved pleuromutilin derivatives. The mutated positions are consistent with the Xray structure of tiamulin bound in the 50S subunit in that all mutations are clustered around nucleotide U2504, which forms part of the wall of the tiamulin binding cavity (13, 15) . A combination of structural data from the X-ray structure of a tiamulin-50S complex and biochemical information from chemical footprinting can improve our understanding of drug binding and thus pave the way for rational design of new pleuromutilin derivatives. Precedence for the improvement of ribosomal antibiotics through the development of semisynthetic derivatives that make additional contacts with the ribosome is illustrated in the case of the ketolides that are semisynthetic derivatives of erythromycin.
In this work, chemical footprinting was used to investigate the binding of four pleuromutilin derivatives at the peptidyl transferase center. In addition, the susceptibility of an E. coli L3 mutant strain to these pleuromutilin derivatives was examined, as well as their binding to L3 mutant ribosomes. We conclude that the thioether and acyl carbamate side chain extensions of pleuromutilin derivatives can adopt distinct conformations within the peptidyl transferase cavity and that additional interactions between the side chain extension of valnemulin and the cavity are responsible for the lack of valnemulin cross-resistance in an L3 mutant strain.
MATERIALS AND METHODS
E. coli strains. Strain MRE600 was used to prepare ribosomes for the chemical footprinting experiments. The wild-type parent strain CN2476 and L3 mutant strain JB5 (2) were used for susceptibility testing and to prepare ribosomes for the chemical footprinting experiments.
Footprinting experiments. Ribosome isolation, chemical modification with dimethyl sulfate (DMS) and 1-cyclohexyl-3-(2-morpholinoethyl)carbodiimide metho-p-toluene sulfonate (CMCT), and primer extension procedures were carried out essentially as described previously (12) . Kethoxal modifications were performed by incubating 5 pmol of the antibiotic-70S complexes for 30 min at 37°C in 50 l modification buffer (70 mM HEPES-KOH, pH 7.8, 10 mM MgCl 2 , 270 mM KCl), followed by modification with 5 l kethoxal (40 mg/ml in 20% ethanol) for 20 min at 37°C. The reactions were stopped by adding 5 l SB buffer (0.3 M sodium acetate, 0.25 M H 3 BO 3 ), followed by precipitation with ethanol. The washed pellet was redissolved in 100 l SB buffer, extracted with phenol, (1:1) phenol-chloroform, and chloroform, followed by precipitation with 3 volumes of ethanol. The pellet was then dissolved in 7 l TEB buffer (10 mM Tris-Cl, pH 7.8, 0.1 mM EDTA, 50 mM potassium borate) and used in primer extension reactions.
The following DNA oligonucleotide primers were used in the extension reactions: 5Ј-TCCGGTCCTCTCGTACT-3Ј, complementary to nucleotides 2654 to 2670 of 23S rRNA; 5Ј-CCATGCAGACTGGCGTC-3Ј, complementary to nucleotides 2141 to 2157 of 23S rRNA; and 5Ј-GAACAGCCATACCCTTG-3Ј, complementary to nucleotides 2540 to 2556 of 23S rRNA. The cDNA products of the primer extension reactions were separated on 6 or 8% polyacrylamide-7 M urea sequencing gels. The intensities of the modification bands were quantified using a phosphorimager.
Antimicrobial susceptibility testing. For MIC determination, overnight liquid cultures were diluted and 10 2 to 10 3 cells were spread onto antibiotic-containing NZY agar plates. MICs are the results of at least two to three independent experiments and are expressed as ranges, where the lower value represents the highest antibiotic concentration at which there are easily visible single colonies after 24 h and the higher value represents the lowest tested concentration where there are no easily visible colonies after 24 h. The highest antibiotic concentration tested was 400 g/ml.
RESULTS AND DISCUSSION
Chemical footprinting of pleuromutilin derivatives. The interaction of pleuromutilin antibiotics with the peptidyl transferase cavity was examined using a set of derivatives with different side chain extensions. Chemical footprinting was used to compare ribosomal binding of the fungal natural product pleuromutilin and the semisynthetic derivatives tiamulin, valnemulin, and SB-264128 ( Fig. 1 ). Tiamulin and valnemulin have thioether side chains substituted at the hydroxyl group of the ester moiety of the parent compound pleuromutilin. SB-264128 is an acyl carbamate derivative with improved metabolic stability and bioavailability that was synthesized as part of an effort to develop a pleuromutilin analog for human use (7) .
The drug binding sites on the ribosome were studied by chemical probing, where accessible rRNA nucleotides are modified by chemical reagents. After formation of pleuromutilin derivative-70S ribosome complexes, the antibiotic-70S complexes and control samples of free ribosomes were treated with DMS to probe the accessibility of the N1 position of adenine and N3 of cytosine, with CMCT to probe N3 of uracil and N1 of guanine, and with kethoxal to probe N1 and N2 of guanine. Primer extension with reverse transcriptase was then used to identify alterations induced by drug binding. Autoradiograms showing the affected nucleotides in the central part of domain V of 23S rRNA are presented in Fig. 2A to C. The observed protection and enhancement effects are tabulated in Table 1 BINDING OF PLEUROMUTILIN DERIVATIVES TO THE RIBOSOME 1459 the secondary structure of domain V of Escherichia coli 23S rRNA (Fig. 3A) . The footprinting data show that all four derivatives protect G2505 from kethoxal modification (Fig. 2A) . The tiamulin and valnemulin footprints include enhancements at A2058 and A2059 (Fig. 2B ) and protections at U2506, U2584, and U2585 (Fig. 2C ) and are consistent with the results of a previous study using DMS and CMCT (12) . Attenuated effects are observed at A2058, U2506, and U2585 in the presence of pleuromutilin, whose footprint is generally weaker than those of tiamulin and valnemulin ( Fig. 2B and C) . In addition, there are no significant alterations in reactivity observed at U2584 in the presence of pleuromutilin. In the SB-264128 footprint, strong enhancements are observed at U2584 and U2585, as well as weak enhancements at A2058 and A2059 and a weak protection at 
a E, enhancement; P, protection. The extent of modification with DMS, CMCT, or kethoxal is indicated with ϩ symbols, with (ϩ) and Ϫ indicating very weak and no modification, respectively. U2506 (Fig. 2B and C) . The differences in the footprints of the four drugs are primarily at nucleotides U2506, U2584, and U2585. The degree of protection at U2506 upon drug binding increases from SB-264128 to pleuromutilin to tiamulin to valnemulin, with relative protections of 35, 80, 95, and 100%, respectively, at a 20 M drug concentration. The strength of the protection effects at U2584 and U2585 is correlated with increasing side chain length from pleuromutilin to tiamulin to valnemulin. However, the strong enhancements observed with SB-264128 at U2584 and U2585 show that these nucleotides are more, rather than less, accessible to CMCT modification upon SB-264128 binding compared to ribosomes with no drug bound. Thus, the footprinting data show that the side chain extensions of the derivatives are able to interact with neighboring rRNA nucleotides and influence their conformation.
E. coli L3 mutant strain susceptibility to pleuromutilins and drug binding to L3 mutant ribosomes. A previous investigation showed that a point mutation resulting in an Asn-to-Asp alteration at position 149 of ribosomal protein L3 causes reduced susceptibility to tiamulin in E. coli (2) . In order to test whether this phenotype applies to other pleuromutilin derivatives, the susceptibilities of the parent strain to the four pleuromutilins were determined and compared with those of the L3 mutant strain. The results are summarized as MIC ranges in Table 2 . The L3 mutant strain has a decreased susceptibility to tiamulin, pleuromutilin, and SB-264128 relative to the parent strain. In contrast, no difference in susceptibility to valnemulin is observed between the parent and L3 mutant strains. Thus, the L3 mutation does not confer cross-resistance to valnemulin. This is important, as mutations at corresponding positions of ribosomal protein L3 occur in both laboratory-selected Brachyspira mutants and B. hyodysenteriae field isolates with decreased susceptibility to tiamulin (13) . As the mutated position is approximately 10 to 12 Å from the drug binding pocket, the mutation apparently functions indirectly through perturbation of the drug binding cavity. The mutation presumably induces an altered conformation of the binding cavity, perturbing the drug-rRNA interactions at the mutilin core. For tiamulin, pleuromutilin, and SB-264128, this leads to decreased susceptibility of the L3 mutant strain and reduced binding to L3 mutant ribosomes. The lack of valnemulin crossresistance in the L3 mutant strain suggests that valnemulin makes additional interactions with the binding cavity through its side chain extension and remains bound despite an altered binding surface around the mutilin core. The footprinting technique is limited to obtaining information on the subset of nucleotide bases that are accessible to chemical probes and the portions of these bases involved in the modification reactions. Therefore, additional interactions may be present without necessarily being detectable via chemical footprinting.
Chemical footprinting was used to compare binding of the four pleuromutilin drugs on wild-type and L3 mutant ribosomes. Ribosome-drug complexes were modified with CMCT and isolated rRNA analyzed by primer extension to monitor the protection effect at position U2506 at antibiotic concentrations of 2 and 20 M. In the wild-type ribosomes, complete protection at U2506 is observed at 2 M tiamulin and 20 M pleuromutilin (Fig. 2D, lanes 5 to 8, 13, and 14) . In contrast, a nearly complete protection of U2506 in L3 mutant ribosomes is observed only at 20 M tiamulin, and only partial protection is observed at 20 M pleuromutilin (Fig. 2D, lanes 15 to 18, 23,  and 24) . The U2506 protection in the presence of 2 or 20 M SB-264128 is around 55% for wild-type ribosomes, while there is no significant protection of U2506 at 2 M and around 30% protection at 20 M SB-264128 in the case of L3 mutant ribosomes, showing that SB-264128 binds less efficiently to L3 mutant than to wild-type ribosomes. No significant difference in the U2506 protection with valnemulin is detected between wild-type and L3 mutant ribosomes in the concentration range of 0.02 to 20 M (Fig. 2D, lanes 9, 10, 19 , and 20, and data not shown). The results show that drug binding to L3 mutant ribosomes is markedly reduced except in the case of valnemulin, consistent with the susceptibility data and lack of valnemulin cross-resistance of the L3 mutant strain.
Correlations to the pleuromutilin binding site at the peptidyl transferase center. It is possible to directly relate the positions of nucleotides in the footprints to the bound drug by using the X-ray structure of the Deinococcus radiodurans 50S subunit bound to tiamulin (15) (Fig. 3B) . The positions of the nucleotides affected in the pleuromutilin footprints relative to bound tiamulin are illustrated in Fig. 3C and D. The tricyclic core of tiamulin is positioned in a cavity defined in part by nucleotides G2505 and U2506 (15) . The protections at G2505 and U2506 can be rationalized in that these nucleotides are within 3 to 4 Å from the mutilin core and close enough to contact the drugs directly through hydrogen bonding and hydrophobic interactions. The protection effects at U2584 and U2585 can be assigned to the side chain extensions off of the mutilin core. The strength of the U2585 protection is correlated with the side chain length and increases from pleuromutilin to tiamulin to valnemulin. This is consistent with the fact that the distance from U2585 to the tiamulin side chain extension is about 4 Å. The data further suggest that the side chain extension of SB-264128 induces a change in rRNA conformation within the cavity, where U2584 and U2585 are more accessible to modification by CMCT than without drug bound. Nucleotides A2058 and A2059 are located in the peptide exit tunnel and are 7 to 8 Å from the bound mutilin core, suggesting that the footprints here are indirect effects induced by drug binding. Similar enhancement effects at these positions have also been observed with streptogramin A drugs (11, 14) , whose binding site at the peptidyl transferase center overlaps extensively with that of tiamulin (5, 15) .
Concluding remarks. The pleuromutilin antibiotics examined in this work all affect the reactivities of nucleotides A2058, A2059, G2505, and U2506, reflecting the binding of the common tricyclic mutilin core of pleuromutilins to the peptidyl transferase center. However, the side chain extensions of the derivatives adopt different conformations within the cavity as evidenced by the diverse effects observed at positions U2584 
